Fucosylated haptoglobin (Fuc-Hpt) and Mac-2 binding protein (Mac-2 bp) are identified as cancer biomarkers, based on the results from a glyco-proteomic analysis.
Introduction
Hepatitis C virus (HCV) infection is the largest cause of liver cirrhosis and hepatocellular carcinoma (HCC) in the world [1] . HCV infection gradually progresses from liver fibrosis to liver cirrhosis. It is known that the stage of liver fibrosis is one of the risk factors for the development of HCC. The stage of liver fibrosis could be a predictive factor for the patients' response to interferon therapy [2] [3] [4] . Thus, the evaluation of the clinical stage of liver fibrosis is very important. Liver biopsy has been the gold standard for evaluating liver fibrosis. However, liver biopsy is invasive for patients and carries a small risk of life-threatening complications, such as bleeding. It is difficult to perform multiple liver biopsies to follow the degree of liver fibrosis. Thus, a non-invasive method for the assessment of liver fibrosis is required. Several markers, such as the platelet counts and hyaluronic acid, type IV collagen 7S and type III procollagen-N-peptide (P-III-P) levels, have been reported to be associated with liver fibrosis [5] [6] [7] . Recently, several combinations of biochemical markers, such as the aspartate aminotransferase to platelet ratio index to platelet ratio index (APRI), Fibrosis-4 (FIB4) index and FibroTest, have also been identified as providing a better evaluation of liver fibrosis [8] [9] [10] . It was reported that it was possible to define a group at high risk of developing HCC by intermittently measuring the FIB-4 index [11] . If a new type of biomarker is identified for liver fibrosis, the accuracy of diagnosis could be increased by the combined use of these known indexes.
A glycoprotein that contains a disease-related carbohydrate chain attracts attention for the development of the graphic equalizer proteomics technology. Fucosylation is one of the most important glycosylation events involved in cancer and inflammation [12] . Fuc-Hpt was observed in the fucosylated glycoproteins that were identified in the sera of patients with pancreatic cancer [13] , and Mac-2 bp was identified as a hyperfucosylated protein in the conditioned medium of cancer cell lines. Although the changes in the biological functions of the haptoglobin and Mac-2 bp with fucosylation remain unknown, the serum levels of these glycoproteins have potential as cancer/inflammation-associated biomarkers. We recently demonstrated that the serum levels of Fuc-Hpt and Mac-2 bp could predict the presence of ballooning hepatocytes in patients with non-alcoholic fatty liver disease (NAFLD) [14, 15] , and the serum Mac-2 bp levels are also associated with liver fibrosis as an independent factor from a multivariate analysis [15] . Because HCV infection is the major cause of liver cirrhosis, the accurate evaluation of liver fibrosis is important. However, the efficacies of these glycoproteins are unknown. In the present study, we examined the potential usefulness of Fuc-Hpt and Mac-2 bp in evaluating liver fibrosis in patients with chronic hepatitis C who underwent liver biopsy. We demonstrated that the serum levels of both Fuc-Hpt and Mac-2 bp were associated with liver fibrosis in patients with chronic hepatitis C, and the combined use of these biomarkers with known fibrosis markers exhibited clinical significance in evaluating liver fibrosis in the chronic hepatitis C patients. Furthermore, these markers might be able to predict the development of HCC.
Materials and Methods

Patients
Three hundred seventeen HCV-infected patients were enrolled in this study. All patients were infected with HCV and had a liver biopsy between January 2005 and October 2013 at Higashiosaka City General Hospital. The patients who were co-infected with hepatitis B virus (HBV) were excluded from this study. Blood samples were taken from all patients on the day of liver biopsy. This study was conducted in accordance with the Declaration of Helsinki, as amended in 2002. This clinical study was approved by the Institutional Review Boards (IRBs) of both Osaka University Hospital and Higashiosaka City General Hospital (No. 13214, accepted September 19, 2013).
All serum samples were collected at Higashiosaka City General Hospital. Some samples were collected under written informed consent, but some were under verbal informed consent. The collection of serum samples were approved by IRB of Higashiosaka City General Hospital. But in early days after starting collecting samples, verbal consent was provided for the serum sample preservation. The physician wrote the acceptance of verbal informed consent on the medical record in early days. After approving modified the clinical experimental documents, all samples were collected under written consent. Before analyzing samples, both IRBs of Osaka University Hospital and Higashiosaka City General Hospital were approved this consent procedure.
This study is a retrospective study and old serum samples were very precious. We consulted the use of samples under verbal informed consent to IRB at Osaka University Hospital. The IRB required that all preserved serum samples and all clinical information were handled in anonymity and all clinical information must be modified not to be able to identify each participant. All the information became anonymity at the time of submission to Osaka University from Higashiosaka City General Hospital. The clinical information was given new ID at Osaka University. We publicized the information of this study at Home Page and clearly showed the procedure for declining the use of samples if the participants wanted. Both IRBs of Osaka University Hospital and Higashiosaka City General Hospital required us these before starting this study and approved this study.
Histological evaluation
Liver biopsies were taken by fine needle aspiration (16G sonopsy) guided by ultrasonography at Higashiosaka City General Hospital. The liver tissue specimens were fixed in 10% formalin and embedded in paraffin according to the standard procedure at the institution. The slices were stained with hematoxylin and eosin. They were evaluated for the stage of fibrosis and the grade of activity according to the criteria of the New Inuyma classification by pathologists at Department of Pathology, Higashiosaka City General Hospital. The liver fibrosis stage was classified as follows: F0 (no fibrosis), F1 (portal expansion), F2 (bridging fibrosis), F3 (bridging fibrosis with lobular distortion) and F4 (liver cirrhosis) [16] . In this study, we denoted the liver fibrosis as follows for convenience: F 2 (moderate fibrosis) and F 3 (advanced fibrosis).
Clinical and biochemical data
The relevant clinical data included the patient's age, gender, and alcohol consumption. We defined alcohol drinking as more than 20 g per day. The biochemical data were recorded at Higashiosaka City General Hospital and included the HCV RNA, HBs-antigen, anti-nuclear antibody, hemoglobin levels, platelet count, prothrombin time (PT), and total bilirubin (T-bil), aspartate aminotransferase (AST), alanine aminotransferase (ALT), serum total protein, serum albumin (Alb), hyaluronic acid and alpha fetoprotein (AFP) levels. We collected the clinical information after liver biopsy, including the history and viral responses to interferon treatment, follow-up period, development of HCC and prognosis.
oligosaccharide in its Fc portion [17] . The coated plates were blocked with phosphate-buffered saline (PBS) containing 3% bovine serum albumin for one hour, followed by washing with PBS containing 0.1% Tween 20 (PBS-T). A 50 μL aliquot of sera was added to each well and incubated for one hour at room temperature. The plate was washed three times with PBS-T using Immuno Wash (Bio-Rad Model 1517, Tokyo, Japan). To detect Fuc-Hpt, a 1/1000 dilution of biotinylated Aleuria aurantia lectin (AAL) was added to each well, followed by incubation for one hour at room temperature. After the plates were washed three times with PBS-T, peroxidase-conjugated avidin was added to each well and incubated for one hour at room temperature. After four washes with PBS-T, tetramethylbenzidine was added to each well and incubated for 15 minutes to develop the reaction. To stop the development, 1 N sulfuric acid was added to each well. A standard curve for Fuc-Hpt was obtained as described [17] using conditioned medium from the PK8 pancreatic cancer cell line transfected with an expression vector for haptoglobin, which was purchased from Takara Bio Inc. (Shiga, Japan). The measurement values are reported as relative units (U/mL).
ELISA for Mac-2 bp
We measured the serum Mac-2bp levels using an ELISA kit (Immuno-Biological Laboratory, Gunma, Japan, code #27362) [15] . The 96-well ELISA plates were coated with 100 μL of 100 mM carbonate buffer (pH 9.5) containing 0.5 μg of the capture antibody, from which the Fc region was eliminated by pepsin digestion overnight at 4 degrees centigrade. The plates were then washed with PBS containing 0.1% Tween 20 (PBS-T), and blocked with 200 μL of 1% (w/ v) BSA in PBS containing 0.05% NaN 3 overnight at 4 degrees centigrade. After washing twice with PBS-T, 100 μL of the test samples and recombinant human Mac-2 bp that had been gradually diluted with 1% BSA in PBS-T, which was used as a standard, were applied to each well of the coated microtiter plate in duplicate, and incubated for one hour at 4 degrees centigrade. After four washes with PBS-T, 100 μL of the HRP-conjugated detection antibody were applied to each well and incubated for 30 minutes at 4 degrees centigrade. Then, each well was washed five times with PBS-T, and 100 μL of the tetramethylbenzidine solution was added to the wells as a substrate and incubated for 30 minutes in the dark at room temperature. The reaction was terminated by adding 100 μL of 1 M H 2 SO 4 to each well. The absorbance of the solution was determined at 450 nm using a microplate reader (E-Max; Molecular Devices, Sunnyvale, CA). A standard curve for Mac-2 bp was obtained as described [15] using a recombinant Mac-2 bp protein that had been purified from the conditioned medium of HEK293 cells transfected with Mac-2 bp expression vectors.
Statistical analysis
The statistical analysis was conducted using JMP pro 10.0 software (SAS Institute Inc., Cary, NC). Kruskal-Wallis tests and Wilcoxon tests were used to assess whether there were any significant differences in the clinical or serological characteristics between groups. The diagnostic performances were assessed by analyzing the receiver operating characteristic (ROC) curves. The probabilities of a true positive (sensitivity) and a true negative (specificity) assessment were determined for the selected cutoff values and the area under the receiver operating characteristic curve (AUROC) was calculated for each index. The Youden index was used to identify the optimal cutoff points. Multivariate logistic regression analyses were conducted to identify the parameters that significantly contribute to the estimation of hepatic fibrosis. The diagnostic effectiveness of combinations of fibrosis markers were assessed using the logistic regression analysis and likelihood ratio test. The Kaplan-Meier method was used to assess the cumulative incidence of HCC, and the groups were compared using the log-rank test. The differences were considered statistically significant at P < 0.05.
Results
Patients' characteristics
The characteristics of the patients at baseline were summarized in Table 1 . The histological examination of the liver revealed that fibrosis grade F0 was present in 7 patients, F1 was present in 149 patients, F2 was present in 87 patients, F3 was present in 58 patients, and F4 was present in 16 patients. The median serum levels of Fuc-Hpt and Mac-2 bp were 559 U/ml and 1847 ng/ ml, respectively. The patients' clinical courses after liver biopsy were summarized in Table 2 . The median follow-up period after liver biopsy is 2.4 years. HCC was detected in 19 patients during the follow-up period. Eleven patients died. The cause of death was HCC in 5 patients, liver failure in 3 patients and illness other than liver in 3 patients.
The serum levels of both Fuc-Hpt and Mac-2 bp were associated with liver fibrosis in patients with chronic hepatitis C We compared the serum levels of Fuc-Hpt and Mac-2 bp with the liver fibrosis stages in patients with chronic hepatitis C (Fig 1) . The median of serum Fuc-Hpt levels in patients with fibrosis grades F0-1, F2, F3, and F4 were 433, 592, 1022, and 1790 U/ml, respectively. The median of serum Mac-2 bp levels in patients with fibrosis grades F0-1, F2, F3, and F4 were The usefulness of Fuc-Hpt, Mac-2 bp and conventional liver fibrosis markers for evaluating liver fibrosis
We analyzed the following known liver fibrosis markers: platelet count, hyaluronic acid levels, APRI, and FIB4 index. The APRI was calculated using the following formula: (AST [U/L] / Upper limit of normal) x 100 / (platelet count [10 9 /L]) [18] . The FIB4 index was calculated as follows:
) [9] . We compared Table 3 . Because there were 74 missing values for hyaluronic acid, the hyaluronic acid analysis was performed in 245 cases as a reference. These known liver fibrosis markers are useful for evaluating liver fibrosis, as previously reported [5, 9, 18] . Most of the AUROCs of Fuc-Hpt and Mac-2 bp were more than 0.7 in all fibrotic stages, suggesting that both Fuc-Hpt and Mac-2 bp could be used for evaluating liver fibrosis.
Identification of the factor associated with the liver fibrosis stage
We also identified the factors associated with the progression of liver fibrosis in patients with chronic hepatitis C. We excluded hyaluronic acid from this analysis because the values were missing for some patients. Because the FIB4 index strongly correlated with liver fibrosis in previous reports, we adopted this index, which is constructed of the AST, ALT, age and platelet count, and excluded these four markers. Because the AST and platelet count are components of both the APRI and FIB4 index, we also excluded the APRI from this analysis. In the multivariate analysis, the factors in F 2 were the Mac-2 bp levels, FIB4 index and AFP (Table 4 ).
The factors in F 3 were the Fuc-Hpt levels, FIB4 index and AFP (Table 5 ). The factors in F4 were the Fuc-Hpt levels, FIB4 index and PT (Table 6 ). These results suggested that Mac-2 bp might be associated with early liver fibrosis stages. In contrast, Fuc-Hpt might be associated with advanced liver fibrosis stages.
The diagnostic ability of the combination of the Fuc-Hpt and Mac-2 bp levels with the FIB4 index
It is possible that the combination of useful markers might be effective in establishing better diagnostic liver fibrosis markers. We examined the correlation coefficients between these markers ( Table 7 ). The correlation coefficients between the Fuc-Hpt or Mac-2 bp levels and the FIB4 index were less than 0.4, suggesting that the correlations between the Fuc-Hpt or Mac-2 bp levels and the FIB4 index were weak. As mentioned above, the factors associated with liver fibrosis in F 2 were the Mac-2 bp levels and the FIB4 index (Table 4) , and the FucHpt levels and FIB4 index in F 3 (Table 5 ). Therefore, we analyzed the Logit (p) of these combinations using a logistic regression analysis. The combinations of the FIB4 index with the Mac-2 bp levels in F 2 and with the Fuc-Hpt levels in F 3 were better than each single marker ( Table 8 ). The effectiveness of these combinations was significant using the likelihood ratio test. These results demonstrated that the combinations using the Fuc-Hpt and Mac-2 bp levels may be new biomarkers for evaluating liver fibrosis.
The cumulative hepatocellular carcinoma incidence rate
The annual incidence of HCC increased with the degree of liver fibrosis, from 0.5% per year in stage F0-1 to 7.9% in stage F4. [19] We examined the correlation between the serum Fuc-Hpt or Mac-2 bp levels and the development of HCC. The median of follow-up period after liver biopsy was 2.4 years (Interquartile range; 1.0-4.9 years). HCC was detected in 19 patients during the follow-up period. The serum levels of Fuc-Hpt and Mac2-bp at the outset in patients who developed HCC were significantly higher than those in patients who did not (S1 Table) . Fig 3 shows the cumulative HCC incidence rate in our cohort. The incidence rates at 1, 3 and 5 years in all patients were 1.8%, 4.3% and 9.2%, respectively, using the Kaplan-Meier method (Fig 3A) . We divided these findings into two group by the liver histology grade, F0-1 and F2-4, and the median Fuc-Hpt and Mac-2 bp levels. The HCC incidence rate of the F2-4 group was significantly higher than that of the F0-1 group (p < 0.05) (Fig 3B) . The HCC incidence rate of the high Mac-2 bp group was significantly higher than that of the low Mac-2 bp group (p < 0.05) (Fig 3C) . Similarly, the HCC incidence rate of the high Fuc-Hpt group was significantly higher than that of the low Fuc-Hpt group (p < 0.001) (Fig 3D) . When we compared Fuc-Hpt and Mac-2 bp by cox proportional hazard model, Fuc-Hpt but not Mac-2 bp was significant (S1 Table) .
Discussion
We examined the usefulness of the Fuc-Hpt and Mac-2 bp levels in evaluating liver fibrosis in patients with chronic hepatitis C. The serum levels of Fuc-Hpt and Mac-2 bp were significantly increased with the progression of liver fibrosis. The AUROC analysis revealed that the AUROCs of both Fuc-Hpt and Mac-2 bp were sufficient to evaluate the fibrotic grade in patients with chronic hepatitis C and although neither the Fuc-Hpt nor Mac-2 bp levels exceeded the values of the known fibrotic markers, the usefulness of these markers was comparable with the known fibrotic markers, such as the FIB4 index or APRI. Although Mac-2 bp is highly correlated with liver fibrosis in NAFLD patients [15] , Mac-2 bp expression could be induced by viral infection or liver fibrosis. Previous reports suggest that Mac-2 bp is associated with cancer and immunoreactions [20, 21] . In the case of HCV infection, chronic inflammation occurred at Glisson's capsule, with infiltrated lymphocytes in the liver. HCV-infected hepatocytes express HCV-derived proteins and immune cells, such as cytotoxic T lymphocytes (CTL), recognized the HCV-related antigens. The CTLs lysed the HCV-infected hepatocytes repeatedly, resulting in chronic liver damage and the development of liver fibrosis [22, 23] . Mac-2 bp expression and liver fibrosis seem to be induced during the progression of hepatic inflammation through these immunoreactions. Serum Mac-2 bp levels increased along the progression of liver fibrosis stage. However, the significant difference were not observed between F2 stage and F3 stage ( Fig  1B) , which might be related to the lower AUROC value of Mac-2 bp in F 3 group compared with that in F 2 group. Because the correlation coefficients between the Fuc-Hpt or Mac-2 bp levels and the FIB4 index and APRI were weak, it encouraged us to examine the usefulness of the combination of the Fuc-Hpt or Mac-2 bp levels with the known fibrotic markers, such as the FIB4 index or [9] . They considered each odds ratio using a . HCC was detected in 19 patients during the follow-up period. The incidence rates at 1, 3 and 5 years in all patients were 1.8%, 4.3% and 9.2%, respectively, using the Kaplan-Meier method. (A) We divided these findings into two groups by the liver histology grade, F0-1 and F2-4, and the median (B) Fuc-Hpt (C) and Mac-2 bp (D) levels. These analysis were performed using the log-rank test.
doi:10.1371/journal.pone.0151828.g003
Fucosylated Haptoglobin and Mac-2 Binding Protein as Liver Fibrosis Markers multiple logistic regression analysis of many factors associated with liver fibrosis, and they chose four factors that were strong and easy to use: age, AST, ALT and platelet count. Finally, they generated a simple index constructed of these factors. Consistent with a previous report, a combination of 5 to 10 basic serum biomarkers could be useful for diagnosing liver fibrosis [10] . A combination of these fibrosis marker with the Fuc-Hpt or Mac-2 bp levels -might be a novel non-invasive liver fibrosis marker. Mac-2 bp has been used as a serum biomarker for several types of cancers, including lung and prostate carcinoma [24, 25] . Mac-2 bp has also been reported to predict the response of patients with chronic hepatitis C to peginterferon-ribavirin therapy [26] . The Mac-2 bp is an oligomer of large ring structures covered with N-glycans. It has seven potential N-glycosylation sites [20, 21, 27] . Recently, Wisteria floribunda agglutinin (WFA)-positive human Mac-2 bp (WFA + -Mac-2 bp) has attracted attention for its ability to predict liver fibrosis and the development of hepatocellular carcinoma [28] [29] [30] . WFA is a type of lectin that recognizes carbohydrate chains, including N-acetylgalactosamine. However, the authors did not determine the WFA + -Mac-2 bp and total Mac-2 bp levels. In this study, we estimated the Mac-2 bp levels by sandwich ELISA using a specific antibody, which is different from evaluating the serum WFA + -Mac-2 bp system. Although the relationship between the Mac-2 bp and WFA + -Mac-2 bp levels is still unknown, both could be useful for diagnosing liver fibrosis. We demonstrated that several factors, including the Fuc-Hpt or Mac-2 bp levels, were associated with the progression of liver fibrosis in patients with chronic hepatitis C. In a previous report, there were many risk factors associated with advanced liver fibrosis in chronic hepatitis C infection, including male sex; the duration of infection; the acquisition of infection at younger age; alcohol consumption; long term immunosuppression, such as HIV and organ transplantation; HBV coinfection; insulin resistance; obesity; steatosis; high AFP levels; high AST levels; and high ALT levels [31, 32] . Interestingly, our analysis suggested that Mac-2 bp might be associated with early liver fibrosis stages. In contrast, Fuc-Hpt might be associated with advanced liver fibrosis stages. Mac-2 bp, a ligand of galectin-3, is believed to have a role in the cellular immune response. In the early stages of chronic hepatitis C, inflammation occurs in the liver and the resulting immune responses might result in an increase in Mac-2 bp secretion from the hepatocytes, leading cell-cell adhesion and fibrosis progression [33] . In contrast, fucosylation regulates the secretion of hepatic glycoproteins into the bile duct in normal polarity hepatocytes [34] . When cell polarity collapses, the cell cannot maintain its normal function because the intracellular polarized delivery is damaged. The elevated serum Fuc-Hpt levels are associated with the collapse of the hepatocyte polarity [34] . The collapse of the hepatocyte polarity might occur in late stages of chronic hepatitis C. Therefore, the increased serum Fuc-Hpt levels might reflect advanced liver fibrosis stages. Most of serum samples were collected at the point of liver biopsy before starting interferon therapy. In general, the liver cirrhosis patients were not appropriate for interferon therapy. So the number of F4 patients was small in this study, and this might weaken conclusions related to cirrhosis.
HCV infection is the major cause of HCC development worldwide [1] . In HCV infection, the risk factors for HCC development had been reported to include liver fibrosis stage, age, achieving SVR, and the serum AFP levels [35, 36] . The FIB4 index was also believed to be useful for the surveillance of HCC development in high risk patients [37] . We demonstrated that patients with elevated serum levels of Fuc-Hpt or Mac-2 bp had a higher incidence of HCC. Consistent with the FIB4 index, both Fuc-Hpt and Mac-2 bp are associated with liver fibrosis, which suggested that they have a close association with HCC development. Fuc-Hpt had been reported to be related with HCC development [38] . In addition to the fibrosis markers, both Fuc-Hpt and Mac-2 bp might be markers for the development of HCC. In this study, we observed the small number of HCC diagnoses during observation period. This is the limitation of this study to evaluate the ability of both Fuc-Hpt and Mac-2 bp for predicting for HCC occurrence.
Conclusions
We demonstrated that both Fuc-Hpt and Mac-2 bp have potential diagnostic value for evaluating the degree of liver fibrosis in patients with chronic hepatitis C. In addition, these markers might predict the development of HCC.
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